As with other psychiatric disorders, development of drugs to treat binge-eating disorder (BED) has been hampered by high placebo response and dropout rates in randomized controlled trials (RCTs). Although not approved for use in BED, several RCTs have suggested that topiramate is efficacious for BED in obese individuals. Using data from a positive investigatorinitiated RCT of topiramate in 61 obese individuals with BED, the objective of the present study is (i) to develop a quantitative disease-drug-trial framework to inform future BED clinical trial designs, and (ii) to determine the optimal topiramate dose to achieve therapeutic efficacy. Disease-drug-trial models were developed separately for the two efficacy measures, namely, longitudinal normalized weekly binge-eating episode frequency (BEF) and binge day frequency (BDF). Model building consisted of (i) developing a placebo effect model that describes response from the placebo group, (ii) adding a drug effect to the placebo model to describe dose-response relationships, and (iii) developing a parametric time to event model to characterize patient dropout patterns. The placebo effect on normalized BEF and BDF over time demonstrated a maximum decrease of ~ 57% by 5 weeks. Participants had a higher dropout probability if no weight loss occurred during the trial period. The identified dose-response relationship demonstrated a daily dose of 125 mg was needed to exhibit a marked reduction in weekly BEF. The developed comprehensive disease-drug-trial model will be utilized to simulate different clinical trial designs to increase the success for future BED drug development programs.
Over the past several years, new drug development programs in psychiatry have become sparse due to disinvestment by the pharmaceutical industry. 1 Several challenges have shown to impede drug development success for psychiatric clinical trials. Substantially large placebo response, underexplored exposure-response relationships, and high dropout rates are potential factors that can fail a drug from being marketed. 2, 3 One common theme that consistently has shown to "de-risk" drug development is the application of prior knowledge regarding drug-specific properties and disease-specific phenomena using quantitative translational methods. Quantitative disease-drug-trial models have been recently used in neuropsychiatry to mathematically represent the time course of a disease, placebo effect, a drug's pharmacologic effect, and trial characteristics to guide drug development and regulatory decision making. 4, 5 Examples of the use of disease-drug-trials in psychiatry include the longitudinal evaluation of changes in Positive and Negative Syndrome Scale scores for proper comparison of clinically relevant treatment effects, the development of a placebo-dropout model using Young Mania Rating Scale scores in patients with bipolar disorder to inform future trial design, and the use of the Hamilton Rating Scale for Depression scores to forecast the probability of being a placebo responder. [6] [7] [8] Binge eating disorder (BED) is a psychiatric disorder characterized by recurrent and distressing binge-eating episodes, defined as eating unusually large quantities of food with a sense of lack of control over eating, without inappropriate compensatory weight loss behaviors. 9, 10 BED is the most common eating disorder in the United States and occurs in ~ 3% of the general population. 11 Treatment goals include the reduction of binge eating, improvement in emotional well-being, and, for those with obesity, weight loss. 12 The recent recognition of BED as a mental health disorder by Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition, has resulted into widespread insurance coverage that consequently incentivizes pharmaceutical companies to develop additional treatment options. However, lisdexamfetamine (Vyvanse; Shire, Wayne, PA) is the only drug with regulatory approval for the treatment of moderate to severe BED. Several pharmacological treatments have been studied and used off-label to treat BED. 13 In particular, three randomized controlled trials have shown that the anticonvulsant, topiramate, is efficacious for reducing binge eating and body weight in obese individuals. Given the presence of other psychiatric comorbidities, high placebo response, heterogeneous treatment responses, and difficulties in retaining patients, the development for newer BED therapies is lackluster. 14 To take advantage of an untapped market and guide BED drug development, prior knowledge from previous clinical trials can be utilized to improve design and increase the success of future trials. 15 Quantitative approaches have been explored to compare different treatment options and statistical methods in the setting of BED. 16, 17 Disease-drugtrial models can serve as a platform to enable simulations of various BED trial design scenarios and to select the design with the highest likelihood of treatment effect to ensure development success. This present study utilizes data from an investigator-initiated clinical trial evaluating topiramate in the treatment of BED in obese individuals. 18 The aims of the current research are to (i) develop a quantitative diseasedrug-trial model to describe longitudinal changes in clinical end points and dropouts in patients receiving topiramate or placebo, and (ii) utilize the developed model to determine the optimal topiramate dose needed to achieve therapeutic efficacy in patients with BED.
METHODS

Data
Longitudinal data were obtained from an investigator-led single-center, randomized, double-blind, flexible dose evaluating the efficacy and tolerability of topiramate for BED in obese individuals. 18 Data included participants diagnosed with BED by Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, criteria were randomized to topiramate (N = 30) or placebo (N = 31). The original trial consisted of a 2-5-week screening period, a 14-week treatment period, and a 2-week treatment taper/discontinuation. The forced titration dosing algorithm (dose range: 25-600 mg/day) used in the study is described in detail in McElroy et al. 18 Baseline demographics provided in the analysis data set include: age, age of BED onset, sex, race, comorbid psychiatric disorders, and alcoholism. Laboratory measures, such as vital signs, weight, height, body mass index, body fat percentage, lipid panel, blood pressure, and glucose, were measured at baseline and every visit. Plasma concentrations for topiramate were not collected.
The primary efficacy measure assessed in the trial was the number of binge-eating episodes (binge eating-episode frequency (BEF)) during the 7 days before each visit. 18 Binge-eating episodes, including duration and amount of food consumed, were recorded by participants in takehome diaries, and then evaluated by an investigator to confirm whether they were, in fact, binge-eating episodes. A secondary efficacy measure evaluated in the study was the number of binge-eating days (binge day frequency (BDF)) during the 7 days before each visit. A binge day was defined as a day on which a patient had at least one binge-eating episode. It is also important to note that the US Food and Drug Administration (FDA) considered BDF as an appropriate efficacy measure in the approval for lisdexamfetamine. 19 For visits that occurred greater than or less than 7 days after the previous visit, the number of BEF and BDF were normalized to a weekly frequency. 18 Both efficacy measures were recorded at baseline and 7 additional visits through week 14.
Disease-drug-trial model Disease-drug-trial models were developed independently to describe the time course (baseline to week 14) for normalized BEF and normalized BDF. Provided data sets lacked any record of daily binge-eating information, which could have been used to model daily binge frequencies as a discrete count variable and derive weekly BEF and BDF. However, for several patients, weekly BEF/BDF was reported in time periods of < 7 days. Therefore, due to normalization and the occurrence of non-integer values, the two response measures were treated as continuous variables. 16 The modeling and simulation approach included the following steps: (i) develop a disease model utilizing information from patients receiving placebo, as a proxy for the natural course for BED. Hereafter, the placebo effect model will be referred to as the disease model. Therefore, the placebo group data were used to build a disease model that described the trend in the placebo response over time. Several empirical mathematical equations, including the linear, exponential, power, and Weibull models, were first explored as potential models to describe the change in normalized BEF and BDF over time in the placebo group. 20 Disease-drug model. One of the main goals to incorporate the drug effect on the change in response is to ascertain the optimal dose needed to achieve therapeutic outcomes. Given the flexible dose trial design and the lack of pharmacokinetic data, special attention is needed to discern the dose-response relationship using the diseasedrug-trial model framework. [21] [22] [23] A major challenge in investigating dose-response relationships in flexible dose titration designs is to avoid attributing a "time effect" as a "dose effect." Delay between drug administration and achievement of steady-state pharmacodynamic response could be related to several reasons, including time to pharmacokinetic steady-state, the presence of a timevarying placebo response, or indication of a delayed drug response. These factors were taken into consideration when developing the dose-response relationship. Both patients randomized to placebo and topiramate were used to build the drug model. Simultaneous analysis of the drug effect model was explored additively and proportionally on the placebo effect using different mathematical functions to describe relationship between dose and change in normalized BEF/BDF.
Dropout model. Missing data due to dropouts could lead to biased interpretations of efficacy and safety. A metaanalysis of eating disorder trials indicated that dropout rates can range upward to 73%, with higher dropouts occurring in the outpatient setting. 24 Dropouts could contain information about the benefits or risks of therapy that may not be evident from clinical end points. To predict the unbiased mean change in BEF and BDF, the probability of patients dropping out was modeled using parametric time-to-event analysis that describes the hazard of dropout over time. Based on exploratory analysis, exponential and Weibull hazard models were tested to determine the predicted dropout probability. 6 Model development A nonlinear mixed effect modeling approach was used to develop the disease-drug-trial models using Phoenix NLME version 7 (Certara, St. Louis, MO). First-order conditional estimation method with interaction was used to develop the disease and drug effect models. Dropout patterns were analyzed using the Laplace estimation method. R software version 3.4.1 (www.r-proje ct.org) was used for graphical exploration, data manipulation, and evaluation of the results. Because there were multiple measurements per subject, both between and within subject variability in the parameters were estimated along with the population mean estimates. Variability between subjects for disease and drug model parameters were evaluated assuming random effects following a lognormal or normal distribution (Eq 1):
where P i is the individual parameter, tvP is the population mean parameter estimate, and η i is the individual-specific random effect that is assumed to be normally distributed with a mean of zero and variance of Ω. 2 Correlations among random effects were also tested. Within-subject variability was included using an additive structure to account for any unexplained variability in normalized BEF and BDF. Subjectspecific prognostic factors (age, sex, race, comorbid psychiatric illness, alcohol abuse, substance abuse, and age of BED onset) were included into the final model based on statistical significance (decrease in objective function value by 3.84 units at α = 0.05), clinical relevance, and model diagnostics.
Model qualification
The final disease-drug-trial model was selected based on the following criteria: successful model minimization, comparison of full vs. reduced models using the Akaike Information Criterion, visual inspection of goodness-offit and individual model fit plots, reasonable/plausible parameter estimates and SEs, and a mechanistic understanding of parameter estimates. The precision of final model parameters was obtained using nonparametric bootstrap with replacement using 200 data sets. Five hundred identical replicates of the original data set were used as inputs into the final models to perform in silico clinical trial simulations and to obtain longitudinal normalized BEF, BDF, and probabilities of trial adherence from baseline to week 14 for each patient. Due to the use of an additive error model, it is possible to obtain weekly BEF and BDF that are less than zero and weekly BDF > 7. Therefore, negative frequencies were truncated to zero and weekly binge day frequencies > 7 were reduced to 7. An indicator for the occurrence of a dropout event was recorded if simulated probabilities were less than a randomly generated number from a uniform distribution with bounds between 0 and 1. The 5th, 50th, and 95th percentiles at each week for model predicted and observed total BEF and BDF scores were obtained and visually compared (visual predictive checks (VPCs)). The corresponding 95% confidence bands were used to assess the uncertainty around model predictions. The ability to predict clinical therapeutic outcomes was a major component of model qualification. Responder analysis is typically done to provide clinical relevance to changes in a continuous primary efficacy measure. In the FDA's review of lisdexamfetamine for the treatment of BED, the agency noted that the proportion of subjects with a 4-week cessation of binge eating (zero events of binge eating for at least 4 weeks prior to study end point or end of treatment) is a key secondary end point in evaluating therapeutic success. 25 To qualify the disease-drug-trial model,
quantitative predictive check (QPC) plots were assessed for similarity between simulated vs. observed clinical therapeutic outcomes, as described above. 26 
Dose-response simulations
In order to recommend an optimal topiramate dose, a population average dose-response relationship was simulated using the average parameter estimates from the final model. Optimal dose range selection will be based on the ability achieve a marked response (> 75% change from baseline in binge episodes).
RESULTS
A total of 384 observations from 61 patients were included for model development. Patients receiving topiramate were administered doses in between the range of 50 and 600 mg. Descriptive summary of the baseline demographic characteristics are in Table S1 . Mean observed BEF and BDF over time for patients taking placebo and topiramate are provided in Figure S1 . Patients randomized to topiramate experienced a greater reduction from baseline in BEF and BDF than placebo (94% vs. 46% and 93% vs. 46%, respectively). The mean profiles demonstrate that, on average, patients receiving placebo or topiramate reached a steady-state normalized BEF/BDF at ~ 6 weeks. Exploratory analysis suggested that patients with a higher BEF or BDF at baseline experienced a larger absolute reduction in frequency at week 14 in patients taking placebo and topiramate. Table S2 provides the median and range of topiramate doses by week.
Disease model An exponential model best described the change in normalized BEF and BDF over time. The impact of the placebo effect was parameterized to be proportional to the baseline frequency based on exploratory findings. The final disease model is described in Eq. 2 where: BASL is the baseline BEF or BDF, P max is the maximum proportional change in placebo response, and k p is the rate constant associated with the time to achieve maximum placebo effect. The random effect model for the baseline frequency and k p parameters assumed a log-normal distribution, whereas for the P max parameter, a normal distribution was assumed to allow for a reduction or increased binge frequency at steady-state as compared with baseline.
(2) Binge Frequency: Population mean parameter estimates for BASL in the normalized BEF and BDF disease models were 5.88 and 4.6, respectively. The population parameter estimates for P max and k p were also similar for both models ( Table 1) . Maximum proportional change in placebo response was ~ 55%, and time to reach steady-state placebo response was ~ 4 weeks (5 × 0.693 k p ) for both efficacy measures. During model development, no significant covariates were found to influence placebo effect parameters.
Disease-drug model
After adding the topiramate treatment group data to the placebo data, a maximum unbound systemic concentration (I max ) drug effect model was found to best characterize the dose-response relationship. An I max model is a nonlinear function that is frequently used in dose-response analysis to describe an increase in response that reaches an asymptotic point with increasing doses. Although pharmacokinetic data was not collected, different exposure metrics, such as previous daily dose and cumulative dose, were tested to best quantify the drug effect. The final disease-drug model is represented Eq. 3: where I max is the maximum proportional change in drug response and ID 50 is the dose required to achieve 50% of the maximal drug effect. Total daily dose just prior to each weekly visit was found to be the optimal drug exposure metric. The random effect model for ID 50 was assumed to follow a log-normal distribution.
Initially, all placebo effect and drug effect parameters were estimated simultaneously, and it was found that the I max parameter was estimated to be ~ 1. Preliminary analysis of the data demonstrated that 81% of patients on topiramate experienced complete remission of binges at study end point. Therefore, model development was continued by fixing the I max parameter to 1. Estimates for ID 50 , when assessing change in normalized BEF and BDF, were found to be 170 and 228 mg, respectively ( Table 1) . No significant covariates for ID 50 were identified.
Trial model
Data used for dropout model building indicate that 14 of 30 patients in the topiramate group (46.7%) and 12 of 31 patients in the placebo group (38.7%) did not complete all 14 weeks of treatment. Based on data exploration and model comparison, an exponential time-to-event dropout model was selected to best describe the hazard of dropout (Eq. 4).
The baseline hazard (λ) is the hazard of a patient dropout without the influence of any predictors. Various predictors of dropouts were evaluated using exploratory Kaplan-Meier plots and Cox proportional hazard models. Time varying predictors including: observed binge frequencies, change from baseline in BEF or BDF, percent change from baseline in BEF or BDF, change from baseline in body weight, and percent change from baseline in body weight were identified as potential predictors for dropout. However, observed percent change from baseline in weight demonstrated the largest reduction in objective function value and an adequate Kaplan-Meier-based VPC plot (Figure 1) . Parameters for the dropout model were estimated simultaneously with the developed disease-drug model ( Table 1) . The final dropout model suggests that for every unit increase in percent change from baseline in body weight (weight increase), the hazard for dropout increases by 18%. 
Weight submodel
Because percent change from baseline in weight was found to be a significant time-varying predictor for dropout, a submodel to describe the change in weight over time is needed to simulate BED clinical trials for model qualification. Mean weight loss in patients receiving topiramate was greater than the placebo group (5.9 kg vs. 1.2 kg). Although, no correlation was found between binge frequency and weight, preliminary analysis suggested that the change in weight over time could be described using a linear relationship. A linear model was developed with treatment arm as the only significant covariate on the slope parameter (Eq. 5). The random effect for the slope parameter was assumed to follow a normal distribution to account for patients who could experience weight loss or weight gain during the trial period.
Parameter estimates for the weight submodel are provided in Table S3 . Slope parameters for patients taking topiramate and placebo were estimated to be 0.36 kg/week and 0.04 kg/week, respectively. This reflects that patients on topiramate lost an average of nine times more weight per week than patients receiving placebo. Table S4 provides diagnostic comparisons between several investigated structural models. Diagnostic plots for the final combined disease-drug-trial model displayed reasonable agreement between individual predicted vs. observed frequencies and no bias trends in conditional weighted residual vs. population predicted frequencies ( Figure S2) . Individual normalized BEF and BDF vs. time profiles depict adequate fitting by the final disease-drugtrial model. Because of the final model structure, spontaneous increases in BEF or BDF were not captured. Nonetheless, individual predictions were able to describe different trends inherent in the data ( Figure S3 ). Figure 3 Categorical responder analysis comparing patients receiving placebo vs. topiramate. Response categories based on percent reduction in weekly binge episodes at study end point. Circle point and associated error bars represent model-simulated (N = 500 simulations) mean and 95% confidence intervals. Square and triangle points represent observed percentage of patients in each responder category from two randomized controlled trials evaluating topiramate for binge-eating disorder. 18, 28 No response: < 50% reduction; moderate response: 50-74% reduction; marked response: 75-99% reduction; remission: cessation of binges. average dose-response relationship was derived using the parameter estimates from the disease and drug model ( Figure 6) . Based on the population dose-response relationship illustrated in Figure 6 , a target daily dose range between 125 and 150 mg should be considered to achieve a marked response (> 75% change from baseline in binge episodes).
Final model evaluation
DISCUSSION
Topiramate in combination with phentermine is currently FDA approved for chronic weight management in adults. 27 Three randomized controlled trials and one open label longterm study have been conducted to evaluate topiramate for the treatment of BED. 18, [28] [29] [30] Findings from these trials have resulted in off-label use and the inclusion of topiramate as a pharmacologic option in BED treatment guidelines. 31 However, consideration of using topiramate as first-line therapy is limited due to its side effect profile, which includes cognitive dysfunction, paresthesia, taste perversion, metabolic acidosis, and ocular toxicity. Therefore, appropriate dose selection is necessary to maximize the benefit of reducing BED symptoms and limiting risks associated with adverse effects.
One of the many challenges in drug development involves making key "go" or "no-go" decisions after conducting proof-of-concept trials and selecting the optimal design for late-phase clinical trials. The research presented provides the first quantitative approach that leverages existing BED clinical trial data to guide appropriate dose selection for future BED trials. Nonlinear-mixed effect modeling approach was utilized to develop disease-drug-trial models that adequately characterized changes in normalized BEF and BDF over time. In the psychiatry setting, it is very difficult to parse out the natural disease course from the large observed placebo effects due to other contributing factors, such as individual regression toward the mean natural state, external factors leading to symptom fluctuation, and/or concurrent psychological intervention. 32, 33 Because underlying mechanisms for placebo response in mental disorders are still unclear, empirical models were explored. Parameter estimates from the disease models suggest that patients experience a similar reduction in normalized weekly BEF and BDF and similar time to steady-state placebo response. Given that weekly BEF and BDF are highly correlated, it is not surprising to see similar parameter estimates. Relative treatment effects seemed to be consistent across both variables based on descriptive analysis and final model development (without fixing the drug effect parameter to 1). The results of this analysis suggest that either weekly BEF or BDF could be used as primary end points. Sample size calculations for future clinical trials should lead to similar results (similar treatment effect sizes and variability) if one were to choose either measure as an end point. When developing the disease-drug model, several exposure metrics were explored to quantify the drug effect. Cumulative drug effect (cumulative dose) was taken into consideration to account for the impact of prior dosing on current response. However, several patients experienced increases in weekly BEF and BDF after receiving a decreased dose as compared with the week before. In these scenarios, cumulative exposures would not be able to capture the increase in response. In contrast, prior daily dose was found to have the strongest relationship with response. The halflife of topiramate is ~ 21 hours, and to reach a pharmacokinetic steady-state, it would take ~ 4-5 days. Therefore, at each visit, one can assume that a patient has at least reached steady-state drug exposures based on the dose they received. The ID 50 , dose needed to achieve 50% of drug effect, was found to be similar when using BEF or BDF as the primary outcome. The high between-subject variability on ID 50 can be potentially attributed to nonresponders and patients who relapsed on treatment during the trial period. The suggested dose range of 125-150 mg falls within recommended topiramate dose ranges for other indications ( Figure 6 ). 34 Dose-limiting toxicities prevent patients from starting at the target dose and current practice suggests that patients should be titrated over several weeks. Further research is needed to characterize the exposure-safety relationship in patients with BED treated with topiramate to maximize benefit-risk profiles.
For the purpose of simulating clinical trials for both model validation and future research purposes, patient dropouts were taken into consideration. The inclusion of percent change from baseline in body weight as a significant predictor for patient dropouts led to the development of a submodel to describe longitudinal changes in weight. The majority of patients with BED are known to be overweight and medications used to induce weight loss in patients have been shown as a beneficial treatment strategy. 35 In the current study, patients receiving topiramate experienced an average weight loss of 5.9 kg after 14 weeks as compared with patients receiving placebo who experienced an average weight loss of 1.2 kg. 18 It is noteworthy to discuss that a disconnection between weight loss and reduction in weekly BEF/BDF existed in both studies. 18, 28 In patients receiving placebo, even though BEF and BDF decreased, there was no significant reduction in weight at the study end point. For those receiving topiramate, reduction in normalized BEF and BDF was highly correlated with weight loss in the first 4 weeks of treatment, after which weight loss continues until the end of the study in the presence of a stabilized binge episode/BDFs. This phenomenon was also observed in patients who received cognitive behavioral therapy. 36 Clinical trials assessing maintenance of weight loss have commonly used the benchmark of > 5% reduction in weight to be clinically meaningful. 37 QPC plots demonstrate the ability to predict changes in weight of ≥ 5% in patients undergoing treatment with topiramate and placebo ( Figure 5) . Unlike topiramate, which is known to reduce weight in patients, other treatment options may not have a similar effect.
Limitation of this research includes the inability to determine a population dose-response relationship given the specific flexible-dose titration study design, where a patient's dose at each visit increased unless tolerability concerns were present. In such a scenario, the first challenge in evaluating a dose-response relationship is to ensure that there is no confounding time effect. A follow-up open label, 42-week extension study was conducted for patients who completed the analyzed placebo-controlled trial. At the end of the initial controlled trial and prior to the initiation of the open label study, a taper-off period of 2 weeks was provided for patients receiving topiramate. 29 During this period, patients experienced an increase in weekly BEF of ~ 3.5 units. Furthermore, once patients received topiramate for the 42week extension, no differences were found between weekly BEF observed at the end of the open label study vs. at the end of the controlled trial (14 weeks). The increase in BEF in a short time frame in patients getting tapered and the sustained drug effect over 56 weeks provides insight into the absence of a delayed drug effect.
The proposed quantitative disease-drug trial modeling framework can be utilized to guide future BED trials by leveraging several pieces of information from the data, such as average time to pharmacodynamic steady-state response, a proportional relationship between baseline binge frequency and placebo response, and correlation between early and later time point efficacy measures, such as change from baseline in BEF and BDF. The developed model could be used to simulate and explore shortened trial durations of 6−8 weeks, which could potentially lead to decreased patient dropouts and trial costs in both fixed and flexible dosing designs. Simulations enrolling patients with a higher baseline binge frequency may demonstrate increased treatment effect sizes and, thus, increase the probability of trial success. The proposed model could also serve to predict responses at later time points based on efficacy measures at early time points. Shortened proof-of-concept studies assessing the primary end point (e.g., 2 weeks) for different therapies could assist with deciding which treatment arms to carry forward to future confirmatory trials. Furthermore, placebo run-in periods have been commonly used to decrease placebo response. Using the model could inform the duration of placebo run-in periods, which may identify placebo responders earlier on for exclusion and clinical trial enrichment.
This case study provides an example of the development of a comprehensive disease-drug-trial model that successfully captures prior information from a single clinical trial. The derived population dose-response relationship indicates that a lower dose range should be considered for patients with BED receiving topiramate. Although no significant covariates were identified, advanced methodologies are currently under investigation to capture the variability in BED symptoms.
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